Estimation of Michaelis-Menten kinetic pa rameters (Km, Vmax) of blood-brain barrier (BBB) trans port processes with the carotid artery single injection technique assumes that mixing of the bolus with unla beled substrate either from (a) circulating plasma or (b) amino acid efflux from brain, is minimal. The maximum extent to which the bolus could mix by these two sources is quantified in the present studies by measuring 14C_phe_ nylalanine extraction in pentobarbital-anesthetized and conscious rats after the addition of 0-80% rat serum to the arterial injection solution. An upper bound (± SE) of bolus mixing due to mixing from both sources, expressed in terms of percentage of rat plasma, is 8.8 ± 1.9 and 7.0 ± 2.1% for the anesthetized and conscious rat, respec tively. The estimated contribution to bolus mixing due to amino acid efflux from brain is 3.3 and 2.1% for the anes thetized and conscious rat, respectively. Based on these estimates, the upper bound for bolus mixing with circu lating rat plasma is only 5.5 and 4.9%, respectively, for the anesthetized and conscious catheterized rat. Thus,
The carotid artery injection technique has been used to quantitate the Michaelis-Menten kinetics of the transport of amino acids and other metabolic substrates through the brain capillary wall, i. e. , the blood-brain barrier (BBB) (Pardridge and Olden dorf, 1977) . Crucial to these studies is the assump tion that there is minimal mixing of the injection solution bolus with the circulating plasma fo llowing rapid arterial injection. Another source of bolus mixing is via efflux of unlabeled metabolic sub strate, e. g., amino acid, from brain into the circu-any bolus mixing after rapid carotid injection is relatively small and is comparable to the mixing effects observed with the carotid artery infusion technique. Mixing effects on the order of 5% are shown to have no significant effect on the estimation of kinetic parameters of BBB nutrient transport, except for neutral and basic amino acid trans port, which are characterized by very low Km values rel ative to the usual amino acid plasma concentrations. In the rat, a 5% mixing results in an enrichment of the bolus concentration of unlabeled amino acid that approximates the Km of the transport process, and this results in an overestimation of the absolute Km value. However, mixing effects are shown to have little, if any, impact on the estimation of the transport V m ax' KD, or apparent Km' Thus, amino acid influx rates predicted from kinetic con stants obtained with the carotid injection technique are reliable, even if bolus mixing effects with the carotid in jection technique are as high as 7-9%. Key Words: Blood -brain barrier-Identifiability -Parameter bounds-Phenylalanine transport.
lating bolus containing radiolabeled amino acid. Neither source of mixing has been considered to be important in previous studies, as (a) the marked dif ference in BBB transport measurements after injec tion of labeled amino acid in either Ringer's solution or in rat serum indicates mixing of the Ringer's bolus with circulating rat plasma must be minimal (Oldendorf, 1971) , and (b) enrichment of the capil lary bolus in unlabeled amino acid due to efflux from brain should result in a bolus concentration that is relatively small compared to the half-satu ration constant (Km) of the BBB transport process (Pardridge, 1983) . Nevertheless, Smith et al. (1984) have recently claimed that both mixing problems may cause artifactual elevations in the Km estimates made with the carotid injection technique. Using a carotid artery infusion technique that results in a 3-5% mixing with the circulating rat plasma, Smith and coworkers (Takasato et aI. , 1983 (Takasato et aI. , , 1984 Smith et aI. , 1984) report amino acid Km values that are relatively low and are only 10-25% of the corre sponding values determined with either the carotid injection technique (Pardridge, 1983) or the intra venous infusion method (Pratt, 1979) . Therefore, the purpose of the present study was to design ex periments that would allow for quantification of the potential bolus mixing processes associated with the carotid injection technique.
METHODS

Carotid artery injection technique
The extraction (E) of 14C-phenylalanine by brain was measured in Sprague-Dawley male rats weighing 225-325 g, which were either pentobarbital-anesthetized or were conscious, with the external carotid artery cannulated. The animals were fed ad lib and were anesthetized the morning of the experiment with sodium pentobarbital in traperitoneally (45 mg/kg). For studies with conscious an imals, the rats were cannulated under anesthesia the day prior to the experiment, and injections were made into the common carotid artery through the external carotid artery cannula on the morning of the experiment, as de scribed recently (Braun et aI., 1985) . The extraction of labeled phenylalanine by brain was measured after the addition of various concentrations of rat serum to the injection bolus. The dilutions of rat serum added to the bolus ranged from 0 to 80% and were made in 0.01 M HEPES-buffered Ringer's solution (pH 7.4). 3H-water was used as the highly diffusible internal reference of uptake. The injected tracer concentration of 14C-phenyl alanine was 1-5 ILM, and the injected 3H/'4C radioactivity ratio was 5. The solution was rapidl y injected «0.5 s) into the carotid artery, and the animal was de capitated 5 s after the injection in conscious animals, or 15 s in pentobarbital-anesthetized animals. The brain up take index (BUI) was determined from the ratio of '4CI 3H in brain divided by the same ratio in the injection mixture, as described previously (Oldendorf, 1971) . The BUI = E/E" where Et and Er are the extractions of the test and reference compounds, respectively. BUI values were converted into phenylalanine extractions by multi plication of the BUI values by Er; Er values ( ± SE) under the present conditions are 58 ± 3 and 46 ± 2% for the pentobarbital-anesthetized and conscious animals, re spectively (Pardridge et aI., 1982; Crane et aI., 1985) .
Parameter estimation
The following equation for the expected extraction of phenylalanine by brain at any given percentage rat serum (S T ) is derived in Appendix I and was fit to the observed extraction data by weighted least-squares techniques:
This model assumes no bolus mixing, and the estimable parameters are K:", the weighted harmonic mean of half saturation constants for phenylalanine and competing amino acids; Eb, the maximal extraction in the absence of addition of rat serum to the injection solution; and E�s, the nonsaturable extraction at large concentrations of S T ' K:" is in the same units as S T ' Each observed extraction was the mean of four to six replicates performed on the same day, and the standard error of each mean was roughly proportional to the mean (Table 1) . Therefore, preliminary weighted least-squares fits were performed using weights equal to lIE2. How ever, visual inspection of the residuals and an F test for adequacy of fit suggested that the net variances for all sources of error (including possible day-to-day variation) were larger and more homogeneous than the standard errors would suggest. Alternate weighting schemes were tried, including unweighted least squares, with no impor tant differences among the regression analyses. Weighting by liE appeared to be the best choice, and only results using these weights are reported.
Regression estimates of E� s had moderately large stan dard errors and were not statistically different from ex perimentally derived estimates (non saturable BUI = 6% for either condition, corresponding to E�s of 0.035 and 0.027 for anesthetized and conscious animals, respec tively) (Oldendorf, 1971; Miller et aI., 1985) . Upper bounds for the mixing fraction (see below) were greater when E� s was fixed to the experimental values, and therefore, this fixing was adopted as a conservative ap proach.
If bolus mixing does occur, then Eb estimated from Eq.
1 is an underestimate of the true maximal extraction (�)
in the absence of capillary unlabeled amino acid, and K� is an overestimate of the true value Km. The dilution of the bolus with unlabeled amino acid due either to mixing with circulating rat plasma or to amino acid efflux from brain may be expressed as an equivalent fraction X of native (100%) rat plasma. The relation among X, Eo, and the regression estimates of Eb, E� s , and K:" using Eq. 1 is derived in Appendix I:
where A is set to 100% because of the choice of units for S T and K:". Therefore, bounds for X may be estimated using a range of physiologically reasonable values for Eo. An absolute upper bound for X is given in Eq. AI7 in the Appendix.
Estimates and standard errors for the model parame ters of Eq. 1 and for X were obtained using program BMDPAR (Dixon, 1983) . Differences between estimates were assessed by (-tests using asymptotic standard errors and were considered to be significant at the 0. = 0.05 level.
RESULTS
The effect of addition of rat serum to the injection solution on the BUr and E values of 14C-phenylal-anine in pentobarbital-anesthetized and conscious rats is shown in Table 1 for each dilution of rat serum (ST)' Equation 1 was fit to the extraction data by nonlinear regression methods to estimate the Eo and K/n values under the assumption of no bolus mixing for the two conditions ( Table 2 ). The Eo and K/n estimates were then entered into Eq. 2, along with hypothetical values of Eo to estimate X, the equivalent fraction of bolus mixing with native rat plasma. As discussed previously, the X estimates also include dilution of the bolus by efflux of un labeled amino acid from brain. The data in Table 2 indicate that if the permeability of the BBB to phe nylalanine is so high that the maximal amino acid extraction in the absence of any mixing effects is 90%, then the estimated bolus mixing is 8. 8 ± 1. 9% in the pentobarbital-anesthetized animals and 7. 0 ± 2. 1 % in the conscious animals. However, if Eo is on the order of 60-70%, which still represents a high permeability of the BBB to phenylalanine, then the bolus mixing ranges from 4. 0 to 6. 1% for either of the two conditions (Table 2 ). An absolute upper bound for bolus mixing using Eq. A17 is 11.6 ± 2. 2 and 7.9 ± 2.2% for the anesthetized and conscious animals, respectively, but this corresponds to the physiologically unreasonable limit, Eo = 100% and Km = O.
DISCUSSION
The present studies take advantage of the fact that the BBB neutral amino acid carrier is heavily saturated by normal plasma levels of amino acids (Oldendorf, 197 1) . Thus, the effects of serum dilu tions on BBB phenylalanine transport may be used spectively, for the anesthetized and conscious animals (Pardridge et al. , 1982; Crane et al. , 1985) . to quantify the combined mixing of the bolus (i. e. , X values) due to mixing from both circulating rat plasma and amino acid efflux from brain. Given the K/n and Eo estimates in Table 2 , the X values or mixing fractions were computed (Table 2) for hy pothetical values of Eo, i. e. , the true maximal ex traction in the absence of bolus dilution. Even if phenylalanine clearance by brain, in the absence of competing amino acids, is in the flow-limited range, i. e. , Eo = 90%, the combined fractional mixing cannot be >8. 8 ± 1. 9 and 7. 0 ± 2. 1% in the pen tobarbital-anesthetized and conscious animals, re spectively. However, it is unlikely that Eo values approach 90% for substances that are transported by carrier mediation. In the dog, a species in which BBB neutral amino acid transport is nonsaturable in the physiological range (Huet et al. , 1981) , the maximal extraction for phenylalanine is 41 ± 2% (Huet et al. , 198 1) . Moreover, the kinetic parame ters estimated by Smith et al. (1984) 
indicate leucine
Eo in the rat is only � 30% in their high blood flow preparation. Therefore, the intermediate values of Table 2 , i. e., 50-80%, may well approximate the true Eo in the rat. When Eo = 50-80%, the bolus dilution is in the range of 1. 2-7. 5% for either of the two conditions (Table 2) . Thus, the combined dilu tion artifact with the carotid injection is comparable to that with the carotid infusion method, which re sults in up to a 5.2% bolus dilution by circulating rat plasma .
Although the combined bolus mixing is at most only 7-9% (Table 2) , it is important to recognize that even a small mixing fraction could lead to a significant overestimate of the transport Km for an individual amino acid, if the weighted harmonic Fractional mixing X for a given Eo is from Table 2 for anes thetized animals. With A = 100%. the corresponding unbiased estimate ofKm is obtained from Eg. A16. The last column is the ratio between the true Km ! and the K� ! overestimate for an in dividual amino acid using regression analysis under the assump tion of no mixing (Eg. A24).
mean Km for all substrate competing for transport is the same order of magnitude as the total concen tration of substrate added to the bolus by mixing. The impact of bolus mixing on the estimation of Km is derived in Appendix II. If K/n\ is the regression analysis estimate of an individual amino acid half saturation constant Kml under the usual assumption of no bolus mixing, then Kml/ K/nl = (1 -X)/(1 + XAfKm), where A is the plasma concentration of the amino acid and all other competing neutral amino acids (see Eq. A24). Therefore. if XA � Km, the bias in estimating Kml by K/n\ is only the same order of magnitude as X. Given the known plasma con centrations and Km for the various classes of nu trients that traverse the BBB by carrier-mediated transport and an X value of 1-9% plasma mixing, then it is clear that mixing has no significant effect on the Km estimates for the hexose, monocarbox ylic acid, choline, nucleoside, or purine base trans port systems (Pardridge and Oldendorf, 1977) . For example, the plasma concentration of glucose is 9. 7 ± 0. 3 mM and the Km of BBB glucose transport is 10. 1 ± 2.7 mM (Pardridge, 1983) ; therefore, a 5% mixing fraction results in at most a 10% overesti mate of the Km value. However, for the neutral and basic amino acids, where the Km is lower relative to the plasma concentrations, the relationship XA � Km does not hold if X is on the order of 5%. For example if X = 0.060, the true Km = 6. 3% serum for the anesthetized rat (Table 3) . Therefore, a 6. 0% mixing results in a 52% overestimation error for an individual Km\. Likewise, a 4.0% mixing fraction results in a 35% error (Table 3) .
Mixing would be expected to have no effect on the estimation of KD (Eqs. A21 and A22) and only a minor effect on V m ax (Eq. A23). Moreover, a mixing artifact would be expected to have little im pact on the calculated apparent Km (Eq. A3) under usual substrate concentrations; where the apparent Km for a given amino acid is (3) The overestimation in Km\ and Kmi cancel for each i in the second (and dominant) term in the above expression for K;'\. As the mixing artifact results in little or no change in the estimates for K;" V max' or KD, the amino acid influx values predicted with the Km values determined by the carotid injection tech nique are expected to be accurate. This conclusion is supported by the good agreement between our predicted influx rates (Pardridge, 1983) and exper imentally observed influx rates determined with the intravenous infusion technique (Pratt, 1979) .
Given the fact that influx rates predicted with the carotid injection technique are accurate, the con tribution of efflux of unlabeled amino acid from brain to the overall bolus mixing may be estimated. The combined influx of the eight large neutral amino acids into brain of the barbiturate-anesthe tized or conscious catheterized rat is 27 and 45 nmol/min/g, respectively (Pardridge, 1983; Miller et aI. , 1985) . Based on arteriovenous differences (Betz and Gilboe, 1973) , the efflux of neutral amino acids from brain is about 90% of influx. Assuming a linear rise in capillary concentration from the arterial to the venous poles of the capillary, the mean capillary concentration (C) of neutral amino acid in the bolus arising from efflux is efflux/(2F), where F is the cerebral blood flow, which is 1. 6 and 0. 6 ml/min/g, respectively, in the conscious and anesthetized rat (Pardridge, 1983; Braun et ai. , 1985) . Based on these calculations, C = 13 f.LM and 20 f.LM neutral amino acid in the conscious and anesthetized rat, respectively, and these values are 2. 1 and 3. 3% of the total neutral amino acid concentration (6 10 f.LM) in rat plasma (Banos et ai. , 1973) . Given estimated efflux mixing fractions from brain of 3. 3 and 2. 1%, and given an upper bound of 8.8 and 7. 0% on the combined mixing fraction from both blood and brain, then the upper bound for bolus mixing with circulating rat plasma is 5. 5 and 4.9%, respectively, in the pentobarbital-anesthetized and conscious catheterized rat. Although small, these estimates are upper bounds, and the actual mixing of the in jection bolus with circulating rat plasma may be as low as 2-3% rat plasma.
Despite the fact that a small amount, e. g. , 4-9%, of bolus mixing could result in an overestimation in the absolute amino acid Km (Table 3) , the bolus mixing problem cannot completely explain the large discrepancy between Km values determined with the carotid injection technique and the carotid per fusion method (Smith et aI. , 1984) . The maximal possible mixing artifact is <8. 8 ± 1. 9% for the anesthetized animal and is <7 .0 ± 2.1% for the conscious animal (Table 2) . These values are com parable to the actual measured mixing artifact of 5.2% for the carotid perfusion method (Takasato et aI., 1984) . Thus, the mixing artifact may be com parable for both methods and, if so, cannot be used to explain the marked differences in Km values de termined with the two techniques. For example, the low Km values reported with the carotid perfusion technique, e.g., Km = 10 fLM (tryptophan) (Taka sato et aI., 1983) or Km = 24 fLM (leucine) (Smith et aI., 1984) , are considerably less than the Km for tryptophan (52 ± 15 fLM) or for leucine (87 ± 11 fLM) estimated for the conscious rat with the carotid injection technique (Miller et aI., 1985 ) . We initially assume no bolus mixing, so that the capillary concentration of amino acid is identical to the bolus concentration. For total BBB transport in the absence of other competing amino acids, the elementary formulation is PS = (A2) I For the single injection technique, we assume that the PS product for saturable transport remains nearly constant during the time course of the extraction. This is reasonable for our system, as significant changes in the PS product would occur only if both the initial capillary concentration were in the satu rating range and the extraction fraction were exceedingly large. Furthermore, preliminary analysis using solutions to a Mi chaelis -Menten differential equation instead of Eq. Al to model extraction under PS changes secondary to decreasin& -substrate concentrations gives regression fits and estimates of Km and E6 indistinguishable from those summarized in Tables 2 and 3 . Bounds for the mixing fraction using this alternate analysis are the same or slightly higher, with the higher values occurring only for large hypothetical values for Eo (e.g., for Eo = 0. 90, bounds for X are 0.112 ± 0.028 and 0. 080 ± 0. 025 for anesthetized and conscious animals, respectively).
J Cereb Blood Flow Metabol, Vol. 5, No.4, 1985 where S is the arterial injection concentration of amino acid, V ma x and Km are the maximal transport rate and half-saturation constants, respectively, for carrier-mediated BBB transport, and K d is the con stant for nonsaturable transport (Pardridge, 1983) . However, as the dilutions of rat serum used in this study contain other neutral amino acids competing with phenylalanine for carrier-mediated transport, a competitive inhibition model is used. Let Si be the concentration of the i' th competing amino acid for i = 1, . . . , n, and V m axi and Km i be the corre sponding maximal transport rate and half-saturation constants, respectively. Then, letting i = 1 corre spond to phenylalanine, it is easily derived that
Let ST = 2:i Si denote the total arterial concen tration of amino acids and Ci = S/ST' i.e., the frac tion of the total for the i' th amino acid. Then, Eq. A4 is rewritten as V ma xi (K m / K ml )
where Km is a weighted harmonic mean of the Kmi: n K m = 11 L (C/Km;).
As only dilutions of rat serum are used in this study, the fractional compositions (C) are essentially con stant, and Km is a constant independent of ST' Therefore, Eq. A2 can be used for phenylalanine transport with the understanding that V m ax == V maxi (K m / Kml ), Km == Km, and S == ST' the total arterial injection concentration of phenylalanine plus the other n -1 competing amino acids, For ease of exposition, ST and Km are expressed in the text in units of percentage of rat serum.
Combining Eqs. A2 and AI:
We define Eo as the maximal extraction occurring at vanishingly small capillary concentrations of un labeled amino acid (A8) and ENS as the nonsaturable extraction fraction at large concentrations
Substitution of Eqs. A9 and AIO into Eq. A7 yields the three-parameter regression relation used in Methods:
The prime symbol on each parameter is used to denote that the model is developed under the as sumption of no bolus mixing.
Notice that the parameters K:r" E6, and E� s are identifiable from our data sets consisting of ob served extractions of labeled amino acid at more than three distinct values of ST' which is the per centage of rat serum added to the bolus.
We now generalize the model to include the pos sibility of mixing of the bolus with unlabeled amino acid due either to (a) mixing with native rat plasma or (b) efflux of unlabeled amino acid from brain.
We let X be an additional "mixing parameter," ex pressing the equivalent fractional mixing of the bolus with native rat plasma at the BBB (e.g., X = o means no mixing, X = 0.50 means an effective 50:50 mixture of the arterial injectate with native rat plasma at the capillary bed). It is reasonable to assume that bolus dilution, if present, from either mixing with plasma or from amino acid efflux from brain (unpublished data)2 does not change the net capillary fractional compositions from the values Cj for whole serum. Therefore, the development of the model is identical to that for the no bolus mixing case, except that the capillary concentration of un labeled amino acids is (1 -X)ST + XA, where A is the total concentration of phenylalanine plus competing amino acids in undiluted rat plasma (if ST is in units of the percentage of rat plasma then A = 100%). The expected extraction is then
The four parameters in this model are X, Km, Eo, and ENS' Unfortunately, Eq. All is unidentifiable from our data sets. Whether ENS is estimated or fixed in value, the three parameters X, Km, and Eo cannot be estimated simultaneously; however, if anyone of the three is fixed in value, the other two are identifiable. Although we cannot estimate Eo, we use the fact that it is bounded above to set bounds on the unknown parameter X. 
2 Bolus dilution due to amino acid efflux from brain does not result in a significant change in the net capillary fractional com positions from the Cj values for whole serum. This can be shown by calculating the S/ST values for each amino acid from the V/ 2F ratio for each amino acid, where V is the influx for each amino acid (nmol/min/g) and F is the cerebral blood flow (ml/min/g). This assumes the influx for each amino acid is nearly identical to the efflux in the steady state. This assumption is reasonable, as the net extraction by brain for the large neutral amino acids, excluding the branched chain amino acids, is not significantly different from zero (Betz and Gilboe, 1973) . The Cj values for the blood and brain compartments, respectively, for the pento barbital rat are leucine (0. 16, 0. 24). phenylalanine (0. 08, 0. 13), tyrosine (0. 15, 0. 20), tryptophan (0.11, 0. 11), methionine (0.07, 0. 08), histidine (0. 08, 0.,1)7), isoleucine (0. 11, 0. 08), and valine (0. 23, 0. 09). Thus, the Km values for the blood and bgin com partments are 0. 18 mM and 0. 15 mM, respectively; the Km values were computed from the computed Cj values, the absolute Kms (Pardridge, 1983) , and Eq. A6. (1 -X) Therefore, rearranging Eq. A14:
and substituting Eq. AI6 into Eq. A15 and solving for X yields Eq. 2 of Methods:
Notice that if Eo = Eo or K:n = Km, then X = O. As Eo < I, then letting Eo � I in Eq. 2 gives an upper bound for X of
However, as Eo � I, Km � 0, and tighter bounds on X are set by using lower and more physiologi cally reasonable values for Eo.
Finally, Eq. AI6 demonstrates that using Eq. I for regression analysis when there is significant mixing will cause the estimated K:n to be biased and to overestimate the true value Km. The expected relative magnitude of this overestimation bias is
It is also easy to show from Eq. 2 that when X > 0, Eo will underestimate Eo.
APPENDIX II
Effect of mixing on estimation of individual amino acid Km and V max values As shown in Appendix I, the carotid artery injec tion technique used with dilutions of unlabeled rat serum produces estimates of Km. In order to esti mate the Km and V max values for an individual amino acid (e. g. , phenylalanine), the extraction of labeled phenylalanine is measured at several dif ferent concentrations of unlabeled phenylalanine in the injectate. If bolus mixing occurs using this tech nique, then a competitive inhibition model analo gous to that used for Eq. 6 defines the expected PS J Cereb Blood Flow Metabol, Vol. 5, No.4, 1985 for phenylalanine as a function of the concentration of phenylalanine added to the injection solution (S) : PS ( n A. ) Kml 1 + X 2:-' , = 1 Kmi + S(1 -X)
Vma xl ' Kml, and Ko are the maximal transport rate, half-saturation, and non saturable transport con stants for the specific amino acid (e. g. , phenylala nine); X is the effective bolus mixing expressed as a fraction of whole plasma; and A i ' Km i for i = I, ... , n are the plasma concentration and transport half-saturation constant for the i' th competing amino acid (i = I corresponds to phenylalanine).
Let A = '2.7 = I A i be the total concentration of neutral amino acid in plasma, C i = A/A, and Km = 1I('2.C/Km) (see Appendix I). Then, '2. A/Km i AIKm. Therefore, 
PS
As before, the prime symbols on the three identi fiable parameters of Eq. A22 are used to denote the assumption X = O. Comparison of Eqs. A21 and A22 shows that mixing (i. e. , X > 0) has no effect on the K 0 estimation (K � = K D) and results in only a minimal overestimation of V ma xi by V:na xl for small X:
Vma xl V:naxl = -O-----X)-
However, the effect of mixing may be a marked overestimation of Km l if XA is the same order of magnitude as Km:
If XA � Km, then the overestimation bias is only on the order of X. Notice that XA is the capillary concentration of substrate and competing substrate due to bolus mixing.
U sing the Eo and K/o estimates from Table 2 for anesthetized animals, Table 3 lists the XA and Km values for any given hypothetical maximal extrac tion of phenylalanine (Eo). A = 100%, as Km is ex pressed in units of the percentage of rat serum. The last column uses Eq. A24 to compute the corre sponding ratio between the true value Kml and the K/ol overestimate that would be obtained from regression analysis of an individual amino acid study under the incorrect model of no bolus mixing.
